Effective Young’s modulus of biopolymer composites with imperfect interface  by Guessasma, S. et al.
International Journal of Solids and Structures 47 (2010) 2436–2444Contents lists available at ScienceDirect
International Journal of Solids and Structures
journal homepage: www.elsevier .com/locate / i jsolst rEffective Young’s modulus of biopolymer composites with imperfect interface
S. Guessasma a,*, N. Benseddiq b, D. Lourdin a
a INRA, unite BIA, Rue de la Géraudière, Nantes 44130, France
b Laboratory of Mechanics of Lille (UMR CNRS 8107), University of Lille 1, BP179, 59653 Villeneuve d’Ascq, France
a r t i c l e i n f o a b s t r a c tArticle history:
Received 1 July 2009
Received in revised form 2 May 2010
Available online 31 May 2010
Keywords:
Biocomposite
Interface
Microstructure
Finite element modelling
Mechanical properties0020-7683/$ - see front matter  2010 Elsevier Ltd. A
doi:10.1016/j.ijsolstr.2010.05.002
* Corresponding author. Tel.: +33 (0)2 40 67 50 36
E-mail address: soﬁane.guessasma@nantes.inra.frThe effective elastic behaviour of a biopolymer composite with random microstructure is studied. The
effective elasticity modulus is computed as function of the protein fraction with the hypothesis of an
imperfect interface. This interface is handled considering normal and tangential stiffness parameters.
The methodology assumes the direct import of real microstructures of starch–protein (zein) composite,
obtained using Confocal Laser Scanning Microscopy (CLSM), into a ﬁnite element model. A static linear
analysis is conducted to determine the inﬂuence of interface rigidities, zein fraction and interface quan-
tity on the effective properties. Predictions show that the effective modulus is nonlinearly correlated to
the product of stiffness parameters for which the normal stiffness is the most inﬂuential parameter. The
effective property dependence with respect to interface related variables and zein fraction shows a log-
arithmic inﬂuence of the stiffness parameters when increasing zein fraction.
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Nowadays, the use of biopolymer composites is becoming pop-
ular and challenging because of the biodegradability properties
inherent to these materials. Two drawbacks can be, however,
raised for natural materials: soft properties and high sensitivity
to humidity. Recently, there has been a major effort for designing
of biopolymer systems that offer controlled properties to replace
oil-based polymers (Beg et al., 2005; Gáspár et al., 2005; Kim,
2008; Wu et al., 2003a,b).
As a matter of fact, this effort started a long time ago (Goldsmith,
1909), if we consider zein, a protein derived from corn (Lawton,
2002), used to prepare plastics. Later, research groups focused their
attention on petroleum-based plastics, which delayed the develop-
ment of biopolymer-based composites. However, biomaterials have
become increasingly employed because of the waste disposal prob-
lems encounteredwith products derived from fossil fuels. Examples
of biopolymer systems are abundant in the literature: gluten–wood
ﬁbre (Beg et al., 2005; Wu et al., 2003a,b), starch–cellulose (Gáspár
et al., 2005) gluten–zein (Kim, 2008), starch–zein (Gáspár et al.,
2005; Guessasma et al., 2008a,b), starch–clay (Chivrac et al.,
2008), among others.
In this study, the effective properties of starch–zein composites
are studied from the viewpoint of interface properties. This system
has a central importance because; ﬁrstly, starch is a low cost and
abundant material. Secondly, zein has hydrophobic properties.ll rights reserved.
; fax: +33 (0)2 40 67 51 67.
(S. Guessasma).Central to the understanding of the composite effective proper-
ties are the intrinsic properties of the materials, phase distribution
and interface properties. Both starch and zein materials in the
glassy state have similar intrinsic mechanical properties, since, for
example, stiffness constants differ by less than 10%. Both materials
behave elastically in the whole deformation domain if we exclude
the small nonlinearity that can develop near failure. Recently, it
was demonstrated that phase distribution has some implication
in the ultimate properties of starch–zein composite (Chanvrier
et al., 2006). However, it was not clear enough in that study if this
implication has to deal with a purely geometrical aspect allowing
different matrix/ﬁler load transfer or a particular starch/zein bond-
ing mechanism. Nanoindentation experiments showed that the
load response near the starch–zein interface was 50% more compli-
ant than elsewhere in the composite (Guessasma et al., 2008a,b).
Thus, it can be announced, or at least supposed, that the interfacial
bonding affected the elastic and fracture properties of the compos-
ite. The unconventional dependence of the effective properties on
zein fraction can be then regarded as a loss of stress transfer due
to versatile interface behaviour dependent on the nature of macro-
molecule organisation in the interface layer and the interface quan-
tity and in the microstructure.
All these effects are discussed in this paper based on a more de-
tailed ﬁnite element (FE) analysis. In particular, the effect of inter-
face interaction is introduced based on a mathematical
formulation described in Benabou et al. (2002) and extended here
to the case of randommicrostructures. Real starch–zeinmicrostruc-
tures exhibiting evolving zein particle morphology and fraction are
incorporated into the FE model taking account the rigidities of the
intrinsic materials as well as interface stiffness constants.
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have been of great interest in recent years. Indeed, numerous
authors proposed various models to predict the effect of a degrad-
able interfacial zone on the overall mechanical properties. The
models have been developed for both ﬁbre-reinforced (Andrianov
et al., 2007; Hachemi and Weichert, 2005) and particulate compos-
ites (Lutz et al., 1997; Lutz and Zimmerman, 1996) (see for exam-
ple Voyiadjis and Alien, 1996). Some experimental investigations
on two-phase composites, as carried out by Majumdar and Newaz
(1992), show that the nature of the bond between the constituents
affects signiﬁcantly the mechanical behaviour of the material by
governing its effective stiffness and strength. As a result of this
degradation process, the composite behaviour is affected in some
directions depending on where the debonding takes place. Many
analytical models, based on a multi-scale approach, take into ac-
count this kind of debonding and assume its evolution (in terms
of debonded particles volume fraction) as following a Weibull
law (Benabou et al., 2001; Zhao et al., 1996). A very commonly
used physical model for the interfacial zone represents it by a very
thin and ﬂexible elastic bond; for example, Achenbach and Zhu
(1990) took into account the possibility of imperfect interface con-
ditions for the class of ﬁbre composites. Prior to this, Benveniste
(1985) added this type of ﬂexible interface conditions, permitting
only shear deformation, in a multi-scale approach for determining
the homogenized properties of a particulate composite. Generally,
it is assumed that, in the interfacial zone, the jump in the displace-
ment is proportional to the conjugate traction, yet the condition on
the continuity of the traction across the interface is always satis-
ﬁed. The presence of weak ﬂexible interfaces is even sought in
some cases. For example, having relatively weak interfaces in cera-
mic–ceramic composites reduces their brittleness and plays a key
role in controlling the propagation of cracks by trapping them.
Based on the ﬁnite element analysis, numerical simulations have
been also carried out to improve the comprehension of the interfa-
cial degradation mechanisms, see for instance Needleman (1987),
who considered the interfacial decohesion as a void cavitation pro-
cess or Benabou et al. (2002) who used a damage law derived from
the thermodynamical framework to model the weakening of an
elastic interface. Their works follow the damage mechanics ap-
proach in which the interface is modelled as a damageable isotro-
pic material; the level of degradation is simply given at each step of
the loading by the calculation of a variable affecting the properties
of the interface.2. Sample preparation and characterization
Cornstarch was purchased from Roquette (F-62 Lestrem,
France). The initial moisture content was 13.5% (wb). Zein powder,
a mixture of two alcohol-soluble polypeptides with a molecular
mass of 25,000 and 29,000 Da, was purchased from Fluka BioChe-
mika (Germany). Loss due to drying and ash was less than 4% and
1%, respectively. Starch and zein powders were mixed in a labora-
tory kneading machine. Water was added to adjust the moisture
content to 26% (wb) for all samples. Next, powders were thermo-
moulded using a plate mould (100  100  1 mm3), heated for
10 min at 140 C, at 20 MPa. Pressure was released after cooling
in order to avoid bubble nucleation and growth in the solid phase.
The volume fraction of zein powder was varied over a wide range.
Microstructures of thermomoulded composite were observed
using Confocal Laser Scanning Microscopy – CSLM (Zeiss LSM
410, Carl Zeiss, Germany). For each sample, three sections of differ-
ent strips were prepared using a cryotome (20 mm section thick-
ness). The sections were placed on ﬂat glass slides and protein
coloration was performed by staining for 5 min in a 0.01% (w/v)
acid fuchsin solution diluted in 1% acetic acid (v/v). Sections wererinsed three times with distilled water and dried at room temper-
ature. For observation, water and a cover were added, and the
preparation was sealed with nail varnish to prevent it from drying.
Samples were examined in the epiﬂuorescence mode of the micro-
scope, excited by a green laser beam at 543 nm and the emitted
light was selected by a long-pass ﬁlter (>570 nm). The laser fo-
cused on a planes of 1 lm thick on cross-sections of about
20 lm. Twenty planes are observed and one image is selected
based on the highest contrast and lowest attenuation. More infor-
mation about the acquisition procedure can be found in Chanvrier
et al. (2005). Images were acquired with CSLM parameters of pin-
hole (9), objective (40) and zoom (2). Three to ﬁve sections of each
sample, were observed. The size of the images is 160 lm per edge.3. Modelling technique
3.1. Mathematical formulation of interface model
Evidence of weak cohesion between the components has been
determined in the case of starch–zein composites using nanoinden-
tation experiments and ﬁnite element computation (Guessasma
et al., 2008a,b). In the former paper, the mechanical response of
the composite at the interface was found to be half the value else-
where in the material. In a more general context, such imperfect
interface conditions have been established by Dvorak and Benven-
iste (1992) in the general case of normal and shear displacement
jumps existing at the junctions between the constituents. These
displacement jumps are linearly related to the nonzero tractions
on the debonded surfaces. The other condition is that of the conti-
nuity of tractions, which has to be always veriﬁed. The deformation
of the interface evolves as if the respective surfaces of the constitu-
ents were connected by a very thin layer of elastic material called
interphase. The interphase has a vanishing thickness and behaves
elastically through two independent stiffness parameters acting
normally and tangentially as considered, for example, by Benabou
et al. (2004, 2005, 2002). These two constants deﬁne uniform elastic
properties for the whole interface. The traction exerted at the inter-
face from the matrix to the inclusion is set as tð1Þi ¼ rð1Þij ðnjÞ and
from the inclusion to the matrix as tð2Þi ¼ rð2Þij nj. The magnitude of
the interface traction tðIÞi ¼ tð2Þi ¼ tð1Þi is proportional to the dis-
placement jump across the boundary SI through the relationship:
tðIÞi ¼ EN
½uNi 
L
þ ET ½u
T
i 
L
ð1Þ
where EN and ET are the normal and tangential stiffness parameters
of the interface, and ½uNi  ¼ ½ujnjni and ½uTi  ¼ ½ui  ½ujnjni are the
normal and tangential components of the displacement jump [ui].
The perfect bonding obtained when EN?1 and ET?1, corre-
sponds to interfacial properties, which lead to zero displacement
jump and classical conditions supposed in intact composites. On
the other hand, the case EN? 0 and ET? 0 leads to the absence
of stresses on the two lips of the interface (t(I) = 0) and corresponds
to a state of complete debonding. We note that an intermediate
state of the interface can be modelled by changing these interfacial
stiffness parameters.
3.2. Finite element modelling
CLSM images are converted into a ﬁnite element (FE) model
using ANSYS software coupled to a self-written program (Fig. 1).
The FE model is subsequently used to predict the effective behav-
iour of the 2Dmicrostructures under the hypothesis of plane-stress
elasticity. Such a hypothesis is used here because the starch-based
composites are designed as thin ﬁlms using a thermomoulding
process. Microstructures are meshed by converting each pixel into
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Fig. 1. (a) Interface representation in the 2D regular meshing. (b) Image import into the ﬁnite element model. The image size is 160 lm. A zoom-in of the undeformed and
deformed structures.
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clature). In addition, one-dimensional interface elements (COM-
BIN14) are introduced at each location where a zein/starch
switch is detected (Fig. 1a). These elements have compression–ten-
sion capabilities and translation in the nodal directions. To each
interface unit, two spring constants are required, one for the nor-
mal and the other for tangential directions. These directions are
set based on the local orientation of the interface. To deal with
the contact occurring at some points of the interfacial crack where
compression takes place, a contact element available in the ANSYS
element library is used (CONTA171/TARGE169). This contact ele-
ment, based on a penalty type method, does not allow for negative
jumps in normal displacement across the interface. A negative
jump would indeed mean a physically impossible interpenetration
of the constituents. We also assume that there is no friction (per-
fect sliding case). As for the numerical modelling of the elastic
interface, it is represented by a spring layer, which resists radial
extension and circumferential shear deformation. The details of
the ﬁnite element implementation of this interfacial model are
extensively given in Benabou et al. (2002).
Examples of meshed microstructures with imperfect interface
and contact elements are shown in Fig. 1b. Young’s moduli of
intrinsic phases are as follows: Ez = 3.00 GPa, Es = 2.62, where s
and z hold for starch and zein. The moduli are determined based
on experimental testing results shown elsewhere (Chanvrier
et al., 2006). Poisson coefﬁcient is 0.35 for both materials. Different
values of normal (EN) and tangential (ET) stiffness attached to
interfaces are combined with each varied between 0.1 and 2 GPa.
Despite the fact that linear elastic elements are used, the anal-
ysis is nonlinear because of the presence of contact between ele-
ments. In order to solve the system of equations, an iterative
process is used based on a Preconditioned Conjugate Gradient sol-
ver (PCG).
In order to determine the effective Young’s moduli, locally peri-
odic loading conditions are used (Fig. 2a). All nodes belonging to
the opposite lines perpendicular to the loading direction are dis-
placed uniformly in that direction. For example, a loading in the
X direction requiresUxðiÞ ¼ U=2; xðiÞ ¼ 0 ð2Þ
UxðjÞ ¼ þU=2; xðjÞ ¼ L ð3Þ
where L is the size of the sample. i and j are any nodes from the
opposite lines deﬁned by x = 0 and x = L, respectively. U = 0.1 lm
is a positive amount, thus the applied strain is quite small 0.06%.
In addition, transverse displacements of homologue nodes
belonging to lateral lines are coupled. Each coupling requires a
constraint equation, which can be written, for a loading in the X
direction, as follows:
UyðkÞ þ UyðlÞ ¼ 0; xðkÞ ¼ xðlÞ and yðkÞ ¼ yðlÞ þ L ð4Þ
Analogous conditions are used to load the microstructure in the Y
direction.
To avoid element interpenetration in the regions where com-
pressive stress develops, symmetric surface-to-surface contact is
considered on the interface segments. The contact pair is based
on a frictionless contact and using appropriate contact and target
elements.
The size of the model depends on the resolution of the micro-
structure, the interface element number and the contact pairs.
For a microstructure of area 128  128 pixels and zein fraction of
about 0.12, the total number of elements is about 3  104. Note
that this size is twice larger than that of a classical composite mod-
el with ideal interfaces. Thus, it is important from the viewpoint of
computation duration, to optimise the microstructure resolution in
order to obtain accurate results without unnecessary high resolu-
tion. One way to ﬁnd the right balance is to consider binning oper-
ators to reduce the resolution of the microstructure. Binning means
here that sub-resolutions are obtained by merging n  n pixels,
leaving one pixel with the average grey level of the n  n pixels.
This leads to the reduction of the pixel size by a factor n, named
here the mesh factor. We see, at each binning iteration, the subse-
quent loss of microstructure details that affect the effective
properties.
The effective Young’s moduli are computed for different zein
fractions, tangential and normal stiffness. For this purpose, the
average stress is calculated from the reaction forces collected in
XY
constraint 
equation
ji
Loaded line
UY=U/2
UXi+UXj=0
Yi=Yj
Loaded line
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b
Fig. 2. (a) Y-direction loading of the composite microstructure assuming periodic
boundary conditions. (b) Rotation of the microstructure is deﬁned using the angle h.
Note that the delimited square domain rotates freely in any direction without
introducing new pixels in the image.
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size and a unit thickness. The average strain is computed from the
deformed and undeformed dimensions of the microstructure.
Isotropy of the effective properties as function of microstructure
orientation is considered. As illustrated in Fig. 2b, a square domain
is rotated by an angle h, varied in this study between 0 and 90.
The rotated region is cropped in the microstructure in such a
way to avoid the introduction of any new pixel (i.e., pixels of un-
known phase labelling). The rotated region is rebuilt in a square
grid and dimensions are adjusted to avoid dilatation or shrinkage
effects.4. Results and discussion
4.1. Geometrical considerations related to the choice of RVE
In order to determine a geometric criterion for the minimum
RVE size, the Pair Correlation Function (PCF) is used. This function
determines the range of inter-particle interaction (Guessasma
et al., 2008a,b). The PCF states here the probability of ﬁnding a gi-
ven pixel belonging to the zein phase a given distance away from
another zein pixel. At short distances (few pixels), this probability
is related to how the zein pixels are connected. Thus, the PCF val-ues there have a meaning the most close to ‘‘zein pixel packing”. At
larger distances, the separation between two given zein pixels is
expected to be constant if we consider the material as random.
The critical distance separating the diffuse regime at large dis-
tances and the particle grouping regime at small distances is the
correlation length (Borbély et al., 2004). This characteristic length
can be used as a minimum RVE size. In a two dimensional grid,
the correlation function can be computed as follows:
PCFðrÞ ¼ nijðrÞ
2qNpr dr
ð5Þ
where r is the distance between any zein reference pixel (i) and an-
other zein pixel, N is the total number of zein pixels. q is the pixel
density of zein (zein fraction in the material), nij(r) is the number of
second phase pixels within an annulus of radius r and thickness dr
with the centre position at pixel (i, j). Note that Einstein notation is
used to represent the sum over all possible second phase pixels (i, j).
Eq. (5) shows that when r goes towards inﬁnity, the PCF goes to
1 because of the normalisation by the density.
In the work of Chen and Papathanasiou (2004), the same PCF
was used to determine the minimum RVE size for a random distri-
bution in a transverse cut of ﬁbre-reinforced composite. The min-
imum RVE size was taken 10 times the ﬁbre diameter. In the same
work, the ﬁbres were considered as hard discs with a minimum
spacing criterion. Now, if we suggest the zein diameter as a scale
length, it turns out that the average particle size varies between
8 and 34 lm depending on the zein fraction. When applying the
criterion of 10 times the zein size, the required RVE size is between
255 and 1083 pixels, giving the pixel size 0.31 lm. Knowing the re-
sult of the PCF depicted in Fig. 3a as function of zein ratio, we see
clearly that this criterion is quite restrictive. The minimum RVE is
overestimated compared to the limit of 50 pixels shown in Fig. 3a.
In the work of Kanit et al. (2003), a covariance criterion is used to
estimate the geometrical dispersion. Random microstructures of
comparable size (150  150 pixels) to ours, exhibited asymptotic
covariance between 19 and 37 lm. Of course, the PCF geometrical
criterion gives here the minimum geometrical RVE size that can be
predicted. However, this condition is not sufﬁcient to have a true
statement on the physical RVE size corresponding to our micro-
structures. The presence of interface elements would not improve
the situation since large variations of the effective modulus can ex-
pected depending on the spatial distribution of interfaces. In order
to determine the physical RVE, sub-images of decreasing size are
randomly selected. Finite element runs are performed on these
sub-microstructures to determine the inﬂuence of microstructure
size. Fig. 3b depicts the predicted variation of the effective modu-
lus with respect to the microstructure size. It appears that the
effective modulus tends to its asymptotic value when the grid size
is about 100 lm (i.e., 80 pixels), irrespective of the zein fraction.
This value is 38% larger than the geometrical RVE determined in
Fig. 3a.
When considering the phase ratio as a structural descriptor to
determine the best resolution compromise, the variation of zein
fraction is then roughly 3% for all mesh factors less than 4, that is
to say for resolutions strictly larger than 32  32 pixels (Fig. 3c).
If we compare the two above resolutions, with 128  128, the loss
of microstructure information is minor. However, the calculation
time is ten times larger than that with 64  64.
When examining the dependence of the effective properties
with respect to the microstructure resolution, we note that almost
resolutions except 256  256 and 512  512 are not adequate
(Fig. 3c), since the moduli difference between any of the carried
out resolutions and that of the original microstructure are signiﬁ-
cantly above 10%. The computation of the total interface length
expressed in reduced units (i.e., interface length for any resolution
over that of the original microstructure), shows a rapid increase of
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Fig. 3. (a) Pair correlation function as a geometrical criterion to determine the minimum Representative Element Volume (REV) for the studied composites. Dependence of
effective properties with respect to (b) the microstructure size and (c) resolution.
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it stabilizes. Thus, the change in the resolution primarily affects the
interface length, which in turn has a direct consequence on the var-
iability of the effective property. Keeping in mind that the effective
properties have to be studied with respect to several combinations
of interface stiffness parameters, it was decided to use a small res-
olution (64  64) in the ensuing discussion. With such a resolution,
the run duration is about 10 min, which is reasonable with regardto the number of combinations handled in this study (272 = 17
microstructures  4 stiffness levels^two interface parameters).
4.2. Isotropy of composite effective properties
The isotropy of the effective properties is studied as function of
interface stiffness parameters. For this purpose, typical starch–zein
microstructures of size 256  256 pixels, are rotated from h = 0 to
θ=0 °, X-loaded 
θ=60 °, X-loaded 
Fig. 4. Typical deformed microstructures (100  100 pixels  pixel size = 1.1 lm)
exhibiting different orientations and subject to loading in the local X direction. Note
that the microstructures are slightly altered due to the grid reconstruction from the
rotated microstructures.
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deformed microstructures are given for ET = 0.1 GPa and EN = 0.1 -
GPa. We see here that the rotation introduces some alteration of
the microstructure due to lack of symmetry in square grids, but
the overall structural information is preserved.
Fig. 5 depicts the evolution of microstructure features (zein
fraction, interface length) and effective Young’s modulus as func-
tion of rotation angle of a particular microstructure. In this case,
the initial zein fraction, as calculated from the CLSM images, is
around 0.28. In the cropped image (100  100 pixels) and for
h = 0, the fraction is larger at 0.34. The scatter of the zein fraction
as function of orientation is small, around 3% (Fig. 5a). However, if
we look at the evolution of effective Young’s modulus as function
of h, it turns out that the scatter approaches 20% for ET = 0.1 GPa
and EN = 0.1 GPa (Fig. 5c). When increasing both stiffness parame-
ters to 2 GPa, the scatter decreases to 9%. It remains so with the
combination (ET = 0.1 GPa, EN = 2.0 GPa), which means that the
lowering of ET has a secondary effect compared to EN. This can
be also deduced when examining the combination (ET = 2.0 GPa,
EN = 0.10 GPa). Here, the scatter of the effective modulus with re-
spect to microstructure orientation increases to about 16%. This
strongly suggests that the anisotropy of the property is primarily
inﬂuenced by the normal stiffness parameter. An attempt to ex-
plain the anisotropy of the effective Young’s modulus is under-
taken by using an adequate microstructural feature that can be
attached to the effective property. Fig. 5b presents the evolution
of the total interface length as function of microstructure orienta-tion. Here the interface length unit is normalised arbitrary with re-
spect to the size of the microstructure. This quantity evolves from
12 to 16 units and exhibits a scatter of about 9% with respect to ori-
entation angle. This result indicates that the total interface length
is instead not sufﬁcient to explain the anisotropy of the effective
property. In fact, one has to isolate those interface units parallel
and perpendicular to the load direction for each orientation. By
doing so, we demonstrate (results not shown here) that the effec-
tive anisotropy is related the balance between the number of inter-
face units parallel and perpendicular to the direction in which the
modulus is measured.
4.3. Effective properties as function of interface stiffness parameters
In order to study the sensitivity of the effective properties to the
interface interaction, the stiffness parameters EN and ET are varied
between 0.1 and 2 GPa. The effective properties are computed in
the two main directions attached to the microstructure. The effec-
tive modulus (average of EX and EY) is shown in Fig. 6a as function
of interface stiffness parameters ET and EN. The overall rigidity
evolves from 1.50 GPa to nearly 2.7 GPa. It is clear that the increase
of the interface parameters increases the overall rigidity of the
composite. It seems, however, that the normal stiffness parameter
tunes more signiﬁcantly the composite modulus rather than the
tangential one. The polynomial regression applied on these data
well shows this effect (R2 = 0.78)
EðGPaÞ ¼ 1:73þ 0:169hðGPaÞ þ 0:42ENðGPaÞ ð6Þ
The difference between the overall Young’s moduli in the main
microstructure directions is quite small and varies between 0.6%
and 2.8% (Fig. 6b). Again, it shows a clearer dependence on the nor-
mal stiffness. The above expression can be arranged in a way to
highlight the fact that the effective modulus is proportional to the
product of interface stiffness constants. When running all possible
ﬁtting models over the predicted results, the simplest equation that
provides the best correlation factor is the ﬁrst-order logarithmic
function (R2 = 0.80).
EðGPaÞ  2:48 ¼ logðET ENÞ0:20 ð7Þ
Note that the linear ﬁt in this case gives a poor result (R2 = 0.45).
Eq. (7) requires the determination of only two parameters. The
exponent gives, however, an equivalent weight to both shearing
and traction effects. In order to conform such expression to the re-
sults mentioned above, the exponent should be split into two com-
ponents. Three parameters are then needed and the result gives a
better correlation factor (R2 = 0.98)
EðGPaÞ  2:48 ¼ logðEN0:30ET0:11Þ ð8Þ
Expression (8) is the ﬁtting result associated to a given zein fraction
(Fig. 6). When changing such fraction, we expect a slight change in
expression (8).
Giving this result, all effective moduli obtained by varying zein
content are sorted in an ascending order of zein content and for an
increasing EN  ET values. Fig. 7a shows the predicted effective
moduli for all conditions. The product EN  ET increases from
0.01 to 4.00 and zein content varies from 0.04 to 0.58. It is clearly
shown that the effective modulus increases non-linearly for any
particular zein content as function of EN  ET. Moreover, when
varying EN  ET, the difference between the lowest (Emin) and
highest (Emax) effective modulus is dependent on the zein content,
where Emin = E([EN  ET]min) and Emax = E([EN  ET]max). Such
dependence means that the effect of stiffness constants increases
when zein fraction increases. If we examine this dependence more
closely, it turns out that the effective modulus dispersion dE =
Emax  Emin is related to the evolution of the interface length in
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Fig. 5. (a) and (b) Microstructure features (zein fraction and interface length) and (c) effective Young’s modulus as function of orientation.
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plot of the effective modulus dispersion (difference between the
minimum Emin and maximum Emax effective modulus for a given
zein content) evolves in the same direction as that of the interface
length. The origin of the modulus dispersion comes from the fact
that when increasing both EN and ET, the modulus becomes less
dependent on the interface length (note the relative stability of
Emax with respect to zein fraction). The lowering of the product
EN  ET, makes the modulus highly sensitive to the interface
length as demonstrated by the decrease of Emin as function of zein
content.The use of possible ﬁtting models that can best describe the pre-
dicted results is possible taking as main variables the zein fraction
and the product EN  ET. When selecting those models giving the
largest correlation factor and the lowest parameter number, the fol-
lowing ﬁrst-order logarithmic based function can be derived
(R2 = 0.78)
EðGPaÞ  2:43þ 1:49 CZ ¼ logð17 ET ENÞ0:13 ð9Þ
where CZ is the ratio of the zein phase.
The above equation, or at least the log part of it, has the mean-
ing of the statistical function that describes how the interface
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
EN (GPa)
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
ET
 (G
Pa
)
1.50
1.60
1.70
1.80
1.90
2.00
2.10
2.20
2.30
2.40
2.50
2.60
2.70
a 
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
EN (GPa)
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
ET
 (G
Pa
)
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
b
Fig. 6. Predicted maps of the (a) effective average modulus as function of interface stiffness parameters, (b) difference expressed in percentage between the X and Y responses
(16 different combinations of (EN,ET) are used to generate the maps).
0 50 100 150 200 250
1.0
1.5
2.0
2.5
3.0
Increasing 
ENxET
E 
(G
Pa
)
Raw (-)
Increasing zein fraction
0.04 0.58
0.01
4.00
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0
1
2
3
4
 Emin (ET*EN=0.01)
 Emax (ET*EN=4.00)
δE=Emax-Emin
Zein fraction  (-)
Pa
ra
m
et
er
 (G
Pa
)
0
5
10
15
20
25
30 Interface length
R
el
at
iv
e 
In
te
rfa
ce
 le
ng
th
 (-
)
a
b
Fig. 7. (a) Analysis of predicted composite Young’s modulus as function of zein
fraction and combined effect of interface stiffness parameters. (b) Evolution of the
modulus dispersion E as function of zein fraction. The interface length is also
plotted against the zein fraction to provide an explanation of the predicted dE trend.
0.0 0.2 0.4 0.6 0.8 1.0
0.12
0.16
0.20
0.24
0.28
Zein fraction (-)
EN
xE
T 
0.
5  (
G
Pa
)
 ENxET0.5
 Exp
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5 Experim
ental m
odulus (G
Pa)
Fig. 8. Experimental composite modulus and predicted interface stiffness param-
eters as function of zein content.
S. Guessasma et al. / International Journal of Solids and Structures 47 (2010) 2436–2444 2443length evolves as function of zein fraction and how this impacts
the effective modulus. Thus, we do not attach any physical mean-
ing to the logarithmic side of it. It is then clear that changing the
nature of the interface distribution in the material require recon-
sideration of the function describing the sensitivity to EN and ET.
Again, the discrimination of shearing and traction effects requiresan additional ﬁtting parameter. Eq. (9) may be rewritten as
follows:
EðGPaÞ  2:03þ 1:49 ¼ logð2:15 EN0:19  ET0:07Þ ð10Þ
where the correlation factor is better than that of the former case
(R2 = 0.83).
In order to validate the FE model, three-point bending experi-
mental results are compared to the effective modulus (Eq. (8)).
The objective here is to ﬁnd (EN,ET) that provides the best match
between the numerical and experimental moduli. The matching
condition can be expressed as
ðET ENÞ0:13 ¼ 0:69 expðEEXPðGPaÞ  2:43þ 1:49 CZÞ ð11Þ
where EEXP is the modulus determined experimentally, known for
each CZ value (Fig. 8).
Eq. (11) assumes that EN and ET have the same weight.
Fig. 8 shows the predicted square root of the stiffness parameter
product as function of zein content. The square root is used by
rearranging slightly Eq. (11) in order to obtain GPa units. The quan-
tity
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EN ET
p
is one order of magnitude lower than the intrinsic
moduli. This result proves that starch/zein interface is weak, which
is also in good agreement with our nanoindentation results shown
in Fig. 9 (Guessasma et al., 2008a,b). The quantity
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EN ET
p
varies
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Fig. 9. Nanoindentation response determined at different regions in the composite.
Note that at the interface, the maximum reaction force is 80% lower than that of the
intrinsic materials.
2444 S. Guessasma et al. / International Journal of Solids and Structures 47 (2010) 2436–2444between 0.25 and 0.28 GPa with a slight increase of about 12%
when zein content is increased from 0.05 to 0.85. The change on
the physical properties of the interface can be attributed to differ-
ent water equilibrium between starch and zein (Chanvrier et al.,
2005), which becomes substantial when any of the phase contents
decreases.
5. Summary
Starch–zein composites with random microstructure exhibit a
non-linear variation of the effective elasticity modulus with re-
spect to interface stiffness parameters at any zein fraction. The nor-
mal stiffness is the ﬁrst inﬂuential parameter, which means that
there is a direct correlation between the effective property and
the interface quantity available in the loading direction where
the modulus is computed. The modulus isotropy is, in that sense,
also dependent on the product of interface parameters. Indeed,
the modulus dispersion as function of microstructure orientation
is the largest one when the stiffness parameter product is the
smallest one or when the normal stiffness parameter is the lowest
one. The effective modulus evolution as function of zein fraction
predicts that the modulus becomes highly sensitive to interface
parameters when increasing the interface length. Thus, the evolu-
tion of the effective properties is then related to the particular dis-
tribution of the interfaces in the microstructure.
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